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Abstract: This paper presents a simple three-dimensional (3D) fabrication method based on soft
lithography techniques and laminated object manufacturing. The method can create 3D structures
that have undercuts with general machines for mass production and laboratory scale prototyping.
The minimum layer thickness of the method is at least 4 µm and bonding strength between
layers is over 330 kPa. The performance reaches conventional fabrication techniques used for
two-dimensionally (2D)-designed microfluidic devices. We fabricated some 3D structures, i.e., fractal
structures, spiral structures, and a channel-in-channel structure, in microfluidic channels and
demonstrated 3D microfluidics. The fabrication method can be achieved with a simple black light
for bio-molecule detection; thus, it is useful for not only lab-scale rapid prototyping, but also for
commercial manufacturing.
Keywords: 3D microfluidics; microfabrication
1. Introduction
Research in the field of microfluidics is moving from understanding two-dimensionally
(2D)-designed flow to three-dimensionally (3D)-designed flow. 2D flow, which is planar flow with no
vertical flow, has been studied since the 1990s, and various 2D-designed microfluidic devices such as
multiple branching channels [1–3], zigzag shaped channels [3,4], Tesla mixers [5], and deterministic
lateral displacement devices [6–8] have been developed. These channels have no changes in their
cross-sectional shape and are fabricated by simple soft lithography or an etching process. In some
fairly recent reports, Dean flow which is 3D flow formed in a 2D curved microchannel has been
applied for particle separation [9,10] and liquid mixing [11,12]. To generate more complex 3D flows in
microchannels, 3D-designed structures with configuration changes in a vertical direction have been
developed since about 2000. The chaotic mixer reported in 2002 has structures that are grooves similar
to rifling in a gun barrel; the structures can generate a 3D twisting flow in the mixer channel [13,14].
The microfluidic baker’s transformation (MBT) device that has 2D-designed structures with vertical
changes also generate a 3D flow in a microchannel [15,16]. These 3D structures achieved a highly
efficient solution mixing in microfluidic channels. However, their configurations were limited by the
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demolding process to shapes without undercuts such as cuboids or pyramids. Most reports have
used 2D or 3D structures without undercuts for microfluidic devices in spite of the research shift from
understanding 2D flow to 3D flow due to the difficulties and particularities of the fabrication processes
of realizing complex 3D structures unlimited by the demolding process.
To fabricate complex 3D structures with undercuts, 3D microfabrication techniques are
required. The complex 3D structures can be fabricated using additive manufacturing such as
microstereolithography [17,18] or lamination [19,20]. Microstereolithography employs a liquid
UV-curable polymer, an UV laser, and an XYZ stage to build thin layers which are part of a 3D
structure. The UV laser patterns the cross sections of a 3D structure on a thin layer with a curing
UV-curable polymer. Subsequently, the XYZ stage moves down to the next layer. These two processes
are repeated over and over for creating a 3D structure. Although microstereolithography can achieve
complex 3D structures, there are some problems: (i) it needs special equipment; (ii) a large amount
of UV-curable polymer compared with microstructure is required; and (iii) the method limits the
fabrication speed and working area because of the laser scanning method. These are critical issues for
the progress of the technology from the basic research phase to the market-related development phase.
Lamination of many thin layers of substrates is a widely used method thanks to the use of
conventional fabrication techniques and machines [20–23]. Although this method is possible for the
mass production of micro 3D structures, two drawbacks have to be solved. One is that some materials
require a cumbersome bonding process to build up layers with chemical, thermal, or both processes.
The other is the difficulty of controlling the layer thickness. The layer thickness of the lamination
method is not thin enough for creating 3D structures in microfluidic channels.
Many 3D printers based on microstereolithography or lamination techniques have been launched
in the last five years. These technologies allow us to create microfluidic devices and peripherals. Some
groups have reported 3D-printed microfluidic devices [24–26], and others have applied 3D printers
for bioprinting [27,28]. The Lewis group fabricated microfluidic print-heads for 3D printing [29].
3D printers can save labor for the first stage device fabrication and reduce fabrication limitation in
the field of microfluidics. On the other hand, although 3D printing is a powerful technique for rapid
prototyping, personalized manufacturing, and distributed manufacturing, it is still less efficient than
injection molding and other conventional techniques from the viewpoint of mass production.
In recent years, thiol-ene reaction has attracted a lot of attention as an alternative to poly(methyl
methacrylate) (PMMA) or poly(dimethylsiloxane) (PDMS) [30–34]. The thiol-ene reaction-based
materials polymerize rapidly, have solvent resistance, have good mechanical properties, and have the
possible application of 3D fabrication. We also applied the reaction to fabricate a thermo-pneumatic
pump that is composed of several layers [35]. Carlborg et al. reported a new thiol-ene reaction-based
microfabrication [36]. They characterize mechanical and chemical properties of microfluidic devices
based on the thiol-ene reaction and demonstrate a potential to bridge the gap between rapid
prototyping and mass production. However, their fabrication technique is limited to 2D-designed
microfluidic channels. In this study, we propose a simple rapid prototyping method based on soft
lithography without any support material for high throughput 3D fabrication. The method is a
combination of injection-molding and lamination, which uses double-sided molding with PDMS
molds and a UV-curable adhesive based on thiol-ene reaction. It can be done by conventional
equipment for soft lithography and requires no cumbersome bonding and washing processes for
multilayer lamination.
2. Materials and Methods
2.1. Device Fabrication
The fabrication process is schematically depicted in Figure 1. There are two main procedures
in the fabrication method: the fabrication of PDMS molds by soft lithography and the lamination of
thin sheets. The PDMS molds are used for making thin sheets of a commercial UV-curable adhesive,
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Norland Optical Adhesive 81 (NOA 81). NOA 81 can be cured rapidly by UV irradiation within a few
minutes or even seconds. However, the reaction is inhibited by oxygen, and PDMS has high oxygen
permeability and UV transmittance. The NOA 81 in the PDMS molds is cured by UV irradiation, while
surfaces of NOA 81 sheets in contact with PDMS remains uncured [31,33]. The uncured surfaces work
as bonding layers, which are helpful in piling up thin layers to 3D structures.
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The lamination process was repeated until the top layer. Thin films were aligned with a positioning
stage (TR6047-S1, Chuo Precision Industrial Co. Ltd., Tokyo, Japan) under a stereomicroscope (SZ61,
Olympus, Tokyo, Japan). The devices with 3D structures were exposed to UV light for 20 min for
complete polymerization, because NOA 81 requires 2 J/cm2 to fully cure, according to the product
data sheet. Three kinds of 3D structures—Menger sponges, spiral structures, and a channel in channel
structure—were fabricated by using this method.
2.2. Bond Strength Measurement
Bond strength between NOA 81 sheets was measured by a tensile adhesion test with glass slides
bonded by NOA 81 sheets. Two PDMS molds without any pattern were put on two glass slides, and
uncured NOA 81 was injected into the spaces between the molds and the glass slides. Two glass slides
with NOA 81 were exposed to UV light for 90 s. The NOA 81 sheets were cut into 1 ˆ 1 cm2 with a
utility knife after the PDMS molds were peeled off from glass slides. The two glass slides were bonded
with the NOA 81 by UV exposure for 20 min. A weight was hung on a glass slide, and the load was
made heavier to reach the point at which the bonding between NOA 81 sheets broke.
2.3. Flow Visualization
The 3D microstructures and 3D fluidics in the channels were observed with a scanning electron
microscope (SEM, TM-1000, Hitachi, Tokyo, Japan) and a laser confocal microscope (TCS-STED-CW,
Leica Microsystems, Wetzlar, Germany). Aqueous solutions of 0.5 mM fluorescein sodium salt
(Sigma-Aldrich, Tokyo, Japan) and 0.1 mM rhodamine B (Sigma-Aldrich, Tokyo, Japan) were used
to visualize the 3D flow and observed with a 442-nm excitation laser and a 10ˆ/0.40 lens (HCX
PL APO CS, Leica Microsystems GmbH, Wetslar, Germany). Stacks of each confocal X-Y scan of
1024 ˆ 1024 pixels were collected with a step of 0.49 µm in the Z direction. Z-series images were
loaded in to the imaging software (LAS AF, Leica Microsystems GmbH, Wetslar, Germany) and made
into vertical cross-sectional images.
3. Results and Discussion
3.1. Characterization of The Method
Pneumatic valve-like structures, which have a membrane clamped with 35-µm-deep and
50-µm-deep chambers, were fabricated to confirm the minimum layer thickness (Figure 2a). Figure 2b,c
shows the SEM images of cross-sectional shapes of the membranes. SU-8 3025 was used to make a
PDMS mold for a thicker membrane, and SU-8 3005 was used for a thinner membrane. The layer
thickness can be controlled by changing the thickness of the SU-8 master molds, and the minimum
layer thickness was 4 µm. This performance is higher than that of the high-end commercialized 3D
printer with a minimum layer resolution of around 10 µm [26,37–41].
As for the bond strength, two pieces of NOA 81 sheets could maintain the bond against a load of
3.4 kg for a few minutes. The bond between NOA 81 sheets was broken upon loading 3.5 kg. The bond
strength with a bonding area of 1 cm2 against a load of 3.4 kg was about 330 kPa. The average
bond strength of the conventional bonding method was from 100 to 500 kPa [42–45]. The bonding
between NOA 81 sheets by our method has enough bond strength for using it as a material in
microfluidic devices.
The Menger sponge is one of the fractals that are geometric configurations with a self-similar
pattern [46]. The basic structure is a cube with holes on every surface in the center. The 20 basic
structures are arranged in a way that they form the same configuration. The higher level Menger
sponges are made by the Menger sponges of the same regulation one level lower. In this paper, level-1
and level-2 Menger sponges were fabricated. Figure 2d–f shows SEM images of 90-µm level-1 and
810-µm level-2 Menger sponges. They are composed of 30-µm cubes and 270-µm level-1 Menger
sponges, respectively. The alignment accuracy is less than 10% of the minimum structure size; however,
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the accuracy can improve by using bonding aligner. Their unique structure with many undercuts can
be observed.
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Figure 2. Structures for characterization. (a) A schematic illustration of a structure for layer thickness 
characterization. A red dotted box shows a region for close-up views in (b,c). (b) An SEM image of a 
membrane made by a PDMS mold with a thickness of 50 µm and (c) a membrane made by a PDMS 
Figure 2. Structures for characterization. (a) A schematic illustration of a structure for layer thickness
characterization. A red dotted box shows a region for close-up views in (b,c). (b) An SEM image of a
membrane made by a PDMS mold with a thickness of 50 µm and (c) a membrane made by a PDMS
mold with a thickness of 4 µm. (d) 90-µm level-1 Menger sponges; (e) A close up image of the level-1
Menger sponge. (f) 810-µm level-2 Menger sponges from oblique view points.
3.2. Spiral Structure
The spiral stair-like structure has a deforming wall in a channel, as shown in Figure 3a. This wall
consists of five layers, and its cross sections change their shape to rotate 180˝ around a central
longitudinal axis of a channel. Figure 3b,c is the top-down view of the spiral structure taken with a SEM
and cross-sectional shapes taken with a confocal microscope, respectively. The structure, consisting
of five thin NOA 81 films (black parts), shows the changing cross-sectional shapes: a horizontal wall
appears at 200 µm from the channel end, changes to a vertical wall at the point of 1000 µm, and the
vertical wall keeps rotating until it becomes horizontal at 1800 µm. The thickness of the NOA 81
sheets made with two molds were 119 ˘ 2.03 µm measured with a digital micrometer (CLM1-15QM,
Mitsutoyo Corporation, Kanagawa, Japan) when the sheets were made in 60-µm-high SU-8 molds.
The change of the structure shape can be smoother by a redesign of the structure (Movie S1) and an
increase in lamination layers.
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The spiral structures were embedded in a Y-junction microfluidic channel to visualize the flow
in the microchannel (Figure 4a). One cycle of the structure was 2 mm in length and there were five
cycles in the channel. Fluorescein solution and water were introduced into the channel with syringe
pumps (KD Scientific, Holliston, MA, USA) and the flow in the channel was observed with the confocal
microscope. The fluids were mixed with the structure and the flow in the channel is similar to the flow
in a chaotic microfluidic mixer [13,14] or a spiral type mixer [18] (Figure 4b,c). The two kinds of liquids
were rotated by the change in cross-section structure and they generated a vertical multilayer flow.
The multilayer spiral structure has a potential to make and control the 3D flow.
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We so made a ten-layer spiral structure in a microfluidic channel, which has two five-layer spiral
structures in the channel (Figure 5). Although the lower layer cannot be visualized clearly due to light
scattering at the vertical shape of the structure, the double screw structure was observed. The structure
has an extruded structure from side to side and from top to bottom, which cannot be fabricated by
conventional soft lithography. When the channel was pressurized to introduce a fluorescent reagent
with the syringe pump (flow rate: 1 mL/min), there was no liquid leakage from the channel. The same
PDMS molds can make another type of ten-layer structure made of the upper and lower five-layer
3D structures.
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3.3. 3D Sheath Device
A 3D sheath device was also made via the fabrication method. The 3D sheath device has a
channel with a smaller channel in it, and the channels are connected to different inlets (Figure 6a).
The smaller channel is merged with a larger channel to make a sheath flow (Figure 6b,c). The
larger channel dimension is 500-µm-wide and 250-µm-deep, and the smaller one is 100-µm-wide
and 50-µm-deep. A flow in the merged channel was observed with the confocal microscope at 5 mm
from the merged point while a fluorescein solution and rhodamine solution were introduced into
the channels from the two inlets with the flow rate of fluorescein as 90 µL/min and rhodamine as
450 µL/min. The fluorescein solution was stably sheathed by the rhodamine solution at least 5 mm in
length. The sheathed flow broadened due to decreasing flow rates—fluorescein as 40 µL/min and
rhodamine as 210 µL/min.
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channel dimension is 500-µm-wide and 250-µm-deep, and the smaller one is 100-µm-wide and  
50-µm-deep. A flow in the merged channel was observed with the confocal microscope at 5 mm from 
the merged point while a fluorescein solution and rhodamine solution were introduced into the 
channels from the two inlets with the flow rate of fluorescein as 90 µL/min and rhodamine as  
450 µL/min. The fluorescein solution was stably sheathed by the rhodamine solution at least 5 mm in 
length. The sheathed flow broadened due to decreasing flow rates—fluorescein as 40 µL/min and 
rhodamine as 210 µL/min. 
 
Figure 6. Cross-sectional images of a 3D sheath device. (a) Conceptual image of the 3D sheath device. 
(b) A SEM image of a cross section of the device at position (i) in Figure 6a, and (c) at position (ii) in 
Figure 6c. (d) A confocal microscope image of the 3D sheath at position (iii) with the flow rate of 
fluorescein as 90 µL/min and rhodamine as 450 µL/min. (e) Fluorescein as 40 µL/min and rhodamine 
as 210 µL/min. Scale bars are 100 µm. 
4. Conclusions 
In this paper, we demonstrated a 3D microfabrication method with simple instruments for soft 
lithography: a black light for detection of biomolecules and a stereomicroscope. The method does not 
require any robotic action or sacrificial materials [47,48]. The method exhibited enough bond strength 
for microfluidic devices and thin layer thickness with a high layer resolution. The Menger sponge-like 
structures, and some 3D microfluidic devices were achieved without limitation by the demolding 
process needed in conventional molding fabrication. This method still has some problems about the 
positioning accuracy for manual procedures, which can be solved by instruments and automation 
techniques for mass production. 3D structures in microfluidic channels grow in importance as 
approaches to control flow [49,50], produce microlens arrays [51], produce 3D cell culture systems 
and mimic organs [52–55], and develop multifactor separation [56]. Our fabrication method can meet 
the requirements of new 3D structures in a lab scale and allow for the commercialization of 
previously studied prototype devices. 
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/7/5/82/s1. 
Movie S1: The smooth shape change of the five-layer screw structure in a vertical cross section. 
Acknowledgments: This research was partially supported by the Japan Society for the Promotion of Science 
(JSPS) through its International Training Program (ITP), Institutional Program for Young Researcher Overseas 
Visits, and Grant-in-Aid for Young Scientists (B) (26790033). 
Figure 6. ross-sectional i ages of a 3 sheath device. (a) onceptual i age of the 3 sheath device.
(b) SE i age of a cross section of the device at position (i) in Figure 6a, and (c) at position (ii)
in Figure 6c. (d) A confocal microscope image of the 3D sheath at position (iii) ith the flo rate of
fluorescein as 90 µL/ in and rhoda ine as 450 µL/ in. (e) Fluorescein as 40 µL/ in and rhoda ine
as 210 µL/min. Scale bars are 100 µm.
. Conclusions
, e de o str t 3 icrofabri ti t i si i
: a black light for detection of biomolecules and a stereomicroscope. The method does
not require any robotic action or sacrificial materials [47,48]. T e method exhibited enough bond
strength or microfluidic devices nd t n layer thickness with a high layer resolution. The Menger
ponge-like structur s, and some 3D microfluidic devices were achieved wi hout limitation by the
demoldi g process needed in convent onal molding fabr cation. This method still has so e pr blems
about the positioning accuracy for man al procedures, which can be solved by instruments and
automation techniques for mass production. 3D structures in m crofluidic channels grow in importance
s approaches to contro flow [49,50], produce microlens a rays [51], produce 3 ll
, ti ].
requirements of new 3D struc ures in a lab scale and allow for the commercialization of previ usly
studied prototyp devices.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/7/5/82/s1.
Movie S1: The smooth shape change of the five-layer screw structure in a vertical cross section.
l t : i ti ll t t J i t f t ti f i
(JSPS) through its International Training Program (ITP), Institutional Program for Young Researcher Overseas
Visits, and Grant-in-Aid for Young Scientists (B) (26790033).
Micromachines 2016, 7, 82 8 of 10
Author Contributions: Toyohiro Naito designed and performed the experiments; Makoto Nakamura made
the Menger sponges and characterized the fabrication method; Noritada Kaji and Yoshinobu Baba contributed
reagents/materials/microscopes; and Takuya Kubo and Koji Otsuka co-supervised the work and reviewed
the manuscript.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Brody, J.P.; Yager, P.; Goldstein, R.E.; Austin, R.H. Biotechnology at low reynolds numbers. Biophys. J. 1996,
71, 3430–3441. [CrossRef]
2. Weigl, B.H.; Yager, P. Microfluidic diffusion-based separation and detection. Science 1999, 283, 346–347.
[CrossRef]
3. Kenis, P.J.A.; Ismagilov, R.F.; Takayama, S.; Whitesides, G.M.; Li, S.; White, H.S. Fabrication inside
microchannels using fluid flow. Acc. Chem. Res. 2000, 33, 841–847. [CrossRef] [PubMed]
4. Kenis, P.J.A.; Ismagilov, R.F.; Whitesides, G.M. Microfabrication inside capillaries using multiphase laminar
flow patterning. Science 1999, 285, 83–85. [CrossRef] [PubMed]
5. Hong, C.C.; Choi, J.W.; Ahn, C.H. A novel in-plane passive microfluidic mixer with modified tesla structures.
Lab Chip 2004, 4, 109–113. [CrossRef] [PubMed]
6. Huang, L.R.; Cox, E.C.; Austin, R.H.; Sturm, J.C. Continuous particle separation through deterministic lateral
displacement. Science 2004, 304, 987–990. [CrossRef] [PubMed]
7. Davis, J.A.; Inglis, D.W.; Morton, K.J.; Lawrence, D.A.; Huang, L.R.; Chou, S.Y.; Sturm, J.C.; Austin, R.H.
Deterministic hydrodynamics: Taking blood apart. Proc. Natl. Acad. Sci. USA 2006, 103, 14779–14784.
[CrossRef] [PubMed]
8. Morton, K.J.; Loutherback, K.; Inglis, D.W.; Tsui, O.K.; Sturm, J.C.; Chou, S.Y.; Austin, R.H. Crossing
microfluidic streamlines to lyse, label and wash cells. Lab Chip 2008, 8, 1448–1453. [CrossRef] [PubMed]
9. Yoon, D.H.; Ha, J.B.; Bahk, Y.K.; Arakawa, T.; Shoji, S.; Go, J.S. Size-selective separation of micro beads by
utilizing secondary flow in a curved rectangular microchannel. Lab Chip 2009, 9, 87–90. [CrossRef] [PubMed]
10. Di Carlo, D.; Edd, J.F.; Humphry, K.J.; Stone, H.A.; Toner, M. Particle segregation and dynamics in confined
flows. Phys. Rev. Lett. 2009, 102, 094503. [CrossRef] [PubMed]
11. Sudarsan, A.P.; Ugaz, V.M. Multivortex micromixing. Proc. Natl. Acad. Sci. USA 2006, 103, 7228–7233.
[CrossRef] [PubMed]
12. Di Carlo, D.; Irimia, D.; Tompkins, R.G.; Toner, M. Continuous inertial focusing, ordering, and separation of
particles in microchannels. Proc. Natl. Acad. Sci. USA 2007, 104, 18892–18897. [CrossRef] [PubMed]
13. Stroock, A.D.; Dertinger, S.K.W.; Ajdari, A.; Mezic´, I.; Stone, H.A.; Whitesides, G.M. Chaotic mixer for
microchannels. Science 2002, 295, 647–651. [CrossRef] [PubMed]
14. Villermaux, E.; Stroock, A.D.; Stone, H.A. Bridging kinematics and concentration content in a chaotic
micromixer. Phys. Rev. E 2008, 77, 015301. [CrossRef] [PubMed]
15. Yasui, T.; Omoto, Y.; Osato, K.; Kaji, N.; Suzuki, N.; Naito, T.; Watanabe, M.; Okamoto, Y.; Tokeshi, M.;
Shamoto, E.; et al. Microfluidic baker1s transformation device for three-dimensional rapid mixing. Lab Chip
2011, 11, 3356–3360. [CrossRef] [PubMed]
16. Yasui, T.; Omoto, Y.; Osato, K.; Kaji, N.; Suzuki, N.; Naito, T.; Okamoto, Y.; Tokeshi, M.; Shamoto, E.; Baba, Y.
Confocal microscopic evaluation of mixing performance or three-dimensional microfluidic mixer. Anal. Sci.
2012, 28, 57–59. [CrossRef] [PubMed]
17. Melchels, F.P.; Feijen, J.; Grijpma, D.W. A review on stereolithography and its applications in biomedical
engineering. Biomaterials 2010, 31, 6121–6130. [CrossRef] [PubMed]
18. Bertsch, A.; Heimgartner, S.; Cousseau, P.; Renaud, P. Static micromixers based on large-scale industrial
mixer geometry. Lab Chip 2001, 1, 56–60. [CrossRef] [PubMed]
19. Liu, R.H.; Stremler, M.A.; Sharp, K.V.; Olsen, M.G.; Santiago, J.G.; Adrian, R.J.; Aref, H.; Beebe, D.J. Passive
mixing in a three-dimensional serpentine microchannel. J. Microelectromech. Syst. 2000, 9, 190–197. [CrossRef]
20. Zhang, M.; Wu, J.; Wang, L.; Xiao, K.; Wen, W. A simple method for fabricating multi-layer pdms structures
for 3d microfluidic chips. Lab Chip 2010, 10, 1199–1203. [CrossRef] [PubMed]
21. Unger, M.A.; Chou, H.-P.; Thorsen, T.; Scherer, A.; Quake, S.R. Monolithic microfabricated valves and pumps
by multilayer soft lithography. Science 2000, 288, 113–116. [CrossRef] [PubMed]
Micromachines 2016, 7, 82 9 of 10
22. Baek, J.Y.; Park, J.Y.; Ju, J.I.; Lee, T.S.; Lee, S.H. A pneumatically controllable flexible and polymeric
microfluidic valve fabricated via in situ development. J. Micromech. Microeng. 2005, 15, 1015–1020. [CrossRef]
23. Mosadegh, B.; Kuo, C.H.; Tung, Y.C.; Torisawa, Y.S.; Bersano-Begey, T.; Tavana, H.; Takayama, S. Integrated
elastomeric components for autonomous regulation of sequential and oscillatory flow switching in
microfluidic devices. Nat. Phys. 2010, 6, 433–437. [CrossRef] [PubMed]
24. Shallan, A.I.; Smejkal, P.; Corban, M.; Guijt, R.M.; Breadmore, M.C. Cost-effective three-dimensional printing
of visibly transparent microchips within minutes. Anal. Chem. 2014, 86, 3124–3130. [CrossRef] [PubMed]
25. Bishop, G.W.; Satterwhite, J.E.; Bhakta, S.; Kadimisetty, K.; Gillette, K.M.; Chen, E.; Rusling, J.F. 3D-printed
fluidic devices for nanoparticle preparation and flow-injection amperometry using integrated prussian blue
nanoparticle-modified electrodes. Anal. Chem. 2015, 87, 5437–5443. [CrossRef] [PubMed]
26. Chan, H.N.; Chen, Y.; Shu, Y.; Chen, Y.; Tian, Q.; Wu, H. Direct, one-step molding of 3D-printed structures for
convenient fabrication of truly 3d pdms microfluidic chips. Microfluid. Nanofluid. 2015, 19, 9–18. [CrossRef]
27. Kolesky, D.B.; Truby, R.L.; Gladman, A.S.; Busbee, T.A.; Homan, K.A.; Lewis, J.A. 3D bioprinting of
vascularized, heterogeneous cell-laden tissue constructs. Adv. Mater 2014, 26, 3124–3130. [CrossRef]
[PubMed]
28. Markstedt, K.; Mantas, A.; Tournier, I.; Martinez Avila, H.; Hagg, D.; Gatenholm, P. 3D bioprinting
human chondrocytes with nanocellulose-alginate bioink for cartilage tissue engineering applications.
Biomacromolecules 2015, 16, 1489–1496. [CrossRef] [PubMed]
29. Hardin, J.O.; Ober, T.J.; Valentine, A.D.; Lewis, J.A. Microfluidic printheads for multimaterial 3d printing of
viscoelastic inks. Adv Mater 2015, 27, 3279–3284. [CrossRef] [PubMed]
30. Satyanarayana, S.; Karnik, R.N.; Majumdar, A. Stamp-and-stick room-temperature bonding technique for
microdevices. J. Microelectromech. Syst. 2005, 14, 392–399. [CrossRef]
31. Bartolo, D.; Degre, G.; Nghe, P.; Studer, V. Microfluidic stickers. Lab Chip 2008, 8, 274–279. [CrossRef]
[PubMed]
32. Natali, M.; Begolo, S.; Carofiglio, T.; Mistura, G. Rapid prototyping of multilayer thiolene microfluidic chips
by photopolymerization and transfer lamination. Lab Chip 2008, 8, 492–494. [CrossRef] [PubMed]
33. Arayanarakool, R.; Le Gac, S.; van den Berg, A. Low-temperature, simple and fast integration technique of
microfluidic chips by using a uv-curable adhesive. Lab Chip 2010, 10, 2115–2121. [CrossRef] [PubMed]
34. Sikanen, T.M.; Lafleur, J.P.; Moilanen, M.-E.; Zhuang, G.; Jensen, T.G.; Kutter, J.P. Fabrication and bonding of
thiol-ene-based microfluidic devices. J. Micromech. Microeng. 2013, 23, 037002. [CrossRef]
35. Naito, T.; Arayanarakool, R.; Le Gac, S.; Yasui, T.; Kaji, N.; Tokeshi, M.; van den Berg, A.; Baba, Y.
Temperature-driven self-actuated microchamber sealing system for highly integrated microfluidic devices.
Lab Chip 2013, 13, 452–458. [CrossRef] [PubMed]
36. Carlborg, C.F.; Haraldsson, T.; Oberg, K.; Malkoch, M.; van der Wijngaart, W. Beyond pdms:
Off-stoichiometry thiol-ene (OSTE) based soft lithography for rapid prototyping of microfluidic devices.
Lab Chip 2011, 11, 3136–3147. [CrossRef] [PubMed]
37. Lifton, V.; Lifton, G.; Simon, S. Options for additive rapid prototyping methods (3D printing) in mems
technology. Rapid Prototyp. J. 2014, 20, 403–412. [CrossRef]
38. Farzadi, A.; Solati-Hashjin, M.; Asadi-Eydivand, M.; Abu Osman, N.A. Effect of layer thickness and printing
orientation on mechanical properties and dimensional accuracy of 3D printed porous samples for bone
tissue engineering. PLoS ONE 2014, 9, e108252. [CrossRef] [PubMed]
39. Headley, D.B.; DeLucca, M.V.; Haufler, D.; Pare, D. Incorporating 3d-printing technology in the design of
head-caps and electrode drives for recording neurons in multiple brain regions. J. Neurophysiol. 2015, 113,
2721–2732. [CrossRef] [PubMed]
40. Lee, M.P.; Cooper, G.J.; Hinkley, T.; Gibson, G.M.; Padgett, M.J.; Cronin, L. Development of a 3D printer
using scanning projection stereolithography. Sci. Rep. 2015, 5, 9875. [CrossRef] [PubMed]
41. Melenka, G.W.; Schofield, J.S.; Dawson, M.R.; Carey, J.P. Evaluation of dimensional accuracy and material
properties of the makerbot 3d desktop printer. Rapid Prototyp. J. 2015, 21, 618–627. [CrossRef]
42. Bhattacharya, S.; Datta, A.; Berg, J.M.; Gangopadhyay, S. Studies on surface wettability of poly(dimethyl)
siloxane (pdms) and glass under oxygen-plasma treatment and correlation with bond strength.
J. Microelectromech. Syst. 2005, 14, 590–597. [CrossRef]
43. Chow, W.W.Y.; Lei, K.F.; Shi, G.; Li, W.J.; Huang, Q. Microfluidic channel fabrication by pdms-interface
bonding. Smart Mater. Struct. 2006, 15, 112–116. [CrossRef]
Micromachines 2016, 7, 82 10 of 10
44. Eddings, M.A.; Johnson, M.A.; Gale, B.K. Determining the optimal PDMS-PDMS bonding technique for
microfluidic devices. J. Micromech. Microeng. 2008, 18, 067001. [CrossRef]
45. Kim, J.; Surapaneni, R.; Gale, B.K. Rapid prototyping of microfluidic systems using a pdms/polymer tape
composite. Lab Chip 2009, 9, 1290–1293. [CrossRef] [PubMed]
46. Herrmann, R. A fractal approach to the dark silicon problem: A comparison of 3D computer
architectures—Standard slices versus fractal menger sponge geometry. Chaos Solitons Fractals 2015, 70,
38–41. [CrossRef]
47. Gelber, M.K.; Bhargava, R. Monolithic multilayer microfluidics via sacrificial molding of 3D-printed isomalt.
Lab Chip 2015, 15, 1736–1741. [CrossRef] [PubMed]
48. Parekh, D.P.; Ladd, C.; Panich, L.; Moussa, K.; Dickey, M.D. 3D printing of liquid metals as fugitive inks for
fabrication of 3D microfluidic channels. Lab Chip 2016. [CrossRef] [PubMed]
49. Huang, S.-H.; Tan, W.-H.; Tseng, F.-G.; Takeuchi, S. A monolithically three-dimensional flow-focusing device
for formation of single/double emulsions in closed/open microfluidic systems. J. Micromech. Microeng. 2006,
16, 2336–2344. [CrossRef]
50. King, P.H.; Jones, G.; Morgan, H.; de Planque, M.R.; Zauner, K.P. Interdroplet bilayer arrays in millifluidic
droplet traps from 3D-printed moulds. Lab Chip 2014, 14, 722–729. [CrossRef] [PubMed]
51. Kim, S.; Yeo, E.; Kim, J.H.; Yoo, Y.-E.; Choi, D.-S.; Yoon, J.S. Geometry modulation of microlens array using
spin coating and evaporation processes of photoresist mixture. Int. J. Precis. Eng. Manuf. Green Technol. 2015,
2, 231–235. [CrossRef]
52. Huh, D.; Leslie, D.C.; Matthews, B.D.; Fraser, J.P.; Jurek, S.; Hamilton, G.A.; Thorneloe, K.S.;
McAlexander, M.A.; Ingber, D.E. A human disease model of drug toxicity–induced pulmonary edema
in a lung-on-a-chip microdevice. Sci. Transl. Med. 2012, 4, 159ra147. [CrossRef] [PubMed]
53. Kim, H.J.; Huh, D.; Hamilton, G.; Ingber, D.E. Human gut-on-a-chip inhabited by microbial flora that
experiences intestinal peristalsis-like motions and flow. Lab Chip 2012, 12, 2165–2174. [CrossRef] [PubMed]
54. Torisawa, Y.S.; Spina, C.S.; Mammoto, T.; Mammoto, A.; Weaver, J.C.; Tat, T.; Collins, J.J.; Ingber, D.E.
Bone marrow-on-a-chip replicates hematopoietic niche physiology in vitro. Nat. Methods 2014, 11, 663–669.
[CrossRef] [PubMed]
55. Stucki, A.O.; Stucki, J.D.; Hall, S.R.; Felder, M.; Mermoud, Y.; Schmid, R.A.; Geiser, T.; Guenat, O.T. A
lung-on-a-chip array with an integrated bio-inspired respiration mechanism. Lab Chip 2015, 15, 1302–1310.
[CrossRef] [PubMed]
56. Wong, C.C.; Liu, Y.; Wang, K.Y.; Rahman, A.R. Size based sorting and patterning of microbeads by
evaporation driven flow in a 3D micro-traps array. Lab Chip 2013, 13, 3663–3667. [CrossRef] [PubMed]
© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
